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ABSTRACT: Lowering of the optical band gap of conjugated
polymers in bulk heterojunction solar cells not only leads to an
increased absorption but also to an increase of the optimal
active layer thickness due to interference effects at longer wave-
lengths. The increased carrier densities due to the enhanced
absorption and thicker active layers make low band gap solar
cells more sensitive to formation of space charges and recombi-
nation. By systematically red shifting the optical parameters of
poly[2-methoxy-5-(30,70-dimethyloctyloxy)-p-phenylenevinylene]
and 6,6-phenyl C61-butyric acid methyl ester, we simulate the
effect of a reduced band gap on the solar cell efficiencies. We
show that especially the fill factor of low band gap cells is very
sensitive to the balance of the charge transport. For a low band
gap cell with an active layer thickness of 250 nm, the fill factor
of 50% for balanced transport is reduced to less than 40% by an
imbalance of only one order of magnitude. VC 2011 Wiley Period-
icals, Inc. J Polym Sci Part B: Polym Phys 49: 708–711, 2011
KEYWORDS: charge transport; conducting polymers; computer
modeling
The efficiency of organic polymer:fullerene bulk heterojunc-
tion solar cell performance has been steadily increasing in
the last years, going from 2.5% efficiency in 20011 to 3.5%
in 2003,2 up to 5.5% in 2007,3,4 and recently an efficiency of
7.4% has been reported.5 Part of the improvement origi-
nated from the refinement of existing production techniques
to optimize the active layer morphology.6–8 The majority of
the improvement, however, came from the development of
low band gap polymers.3,4,9–17 By decreasing the bandgap of
the donor, the amount of absorbed photon flux increases due
to an enhanced overlap with the solar spectrum. A lowering
of the polymer band gap can either be achieved by a lower-
ing of the lowest unoccupied molecular orbital (LUMO) or by
a raise of the highest occupied molecular orbital (HOMO).
The lowering of the LUMO is limited by the energy offset
needed for electron transfer to the acceptor, typically 0.4 eV.
A raise of the HOMO on the other hand will lead to a
decrease of the open circuit voltage Voc. A theoretical study
by Koster et al.18 showed that a decrease of the bandgap
from 2.1 to 1.5 eV, by lowering the LUMO and keeping the
HOMO in place, is expected to result in an increase in power
conversion efficiency g from 3.5% to over 8%. This enhanced
performance mainly originated from an increased short cir-
cuit current density Jsc due to an increased absorption. How-
ever, an increased absorption because of a better spectral
overlap with the solar sprectrum also leads to an increased
concentration of electrons and holes in the solar cells. This
enhancement of the carrier density then gives rise to an
increase of the bimolecular recombination, which is propor-
tional to the product of the electron and hole density. Further-
more, the higher carrier densities make the solar cells also
more sensitive for the built-up of space charge, caused by an
imbalanced charge transport. Space charge built-up is also de-
pendent on the absorption profiles in the solar cell, which
were not included in these calculations. To obtain more
insight in the operation of low band gap solar cells, combined
optical and electrical modeling is required to address the role
of the absorption profiles for wide and small bandgap poly-
mer:fullerene solar cells as well as the role of unbalanced
charge transport and enhanced recombination.
In this study, we simulate polymer:fullerene solar cells by
systematically varying the polymer band gap. We compare
wide and small bandgap polymer:fullerene bulk heterojunc-
tion solar cells with both unbalanced transport, where the
hole mobility is an order of magnitude less than the electron
mobility, and balanced transport with equal electron and
hole mobilities. As a model system, we have chosen a blend
of poly[2-methoxy-5-(30,70-dimethyloctyloxy)-p-phenylenevi-
nylene] (MDMO-PPV) and 6,6-phenyl C61-butyric acid methyl
ester (PCBM) in a weight ratio of 1–4. To systematically sim-
ulate the effect of the band gap, the optical parameters of
MDMO-PPV are red shifted in energy E from 0 to 0.8 eV in
steps of 0.2 eV, such that the LUMO is lowered while the
VC 2011 Wiley Periodicals, Inc.
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HOMO is kept constant, to preserve the energy gap between
the HOMO of the polymer and the LUMO of the PCBM and
thus to preserve Voc. The electron mobility le of the PCBM is
set to 2  107 cm2/V s,19 whereas the hole mobility lh is
varied between 2  108 cm2/V s20 for the unequal mobility
case and 2  107 cm2/V s for balanced transport. All other
optical and electrical parameters are equal to those of
MDMO-PPV and are kept constant in the simulations. For a
complete solar cell, we consider a glass substrate with a
stack of thin layers on top of it: first 140 nm of indium tin
oxide (ITO) as electrical contact, 50 nm of poly(3,4ethylene-
dioxythiophene)/poly(styrenesulphonic acid) (PEDOT:PSS) as
anode, 10–500 nm of polymer:PCBM [1:4] as active layer, 0.5
nm of lithium fluoride (LiF) as electron injection layer, and
80 nm of aluminum (Al) as reflecting cathode. As optical
model, we use the transfer matrix formalism as described by
Pettersson et al.21 The electrical modeling is based on a nu-
merical device model as developed by Koster et al.22 This
model includes drift and diffusion of charge carriers, a tem-
perature- and field-dependent generation rate of free car-
riers, bimolecular recombination, and the effect of space
charge on the electric field in the device. The dissociation
rate of bound pairs into free carriers is described by Ons-
ager–Braun theory, and recombination of free carriers is
assumed to be of the Langevin type. The optical model is
used to calculate the photonic absorption rate profile inside
the active layer using the AM 1.5 solar spectrum and the
thickness and optical parameters of the various materials.
Assuming 100% conversion efficiency from absorbed pho-
tons to excitons to bound electron–hole pairs, the electrical
model is used to calculate the electrical behavior of the solar
cell. As optical parameters, the complex refractive indices of
the materials are used, where the values of PEDOT:PSS were
reported by Pettersson et al.,21 those of PCBM by Hoppe
et al.,23 and those of Al were taken from literature.24 The val-
ues of the remaining materials, glass, ITO, MDMO-PPV, and
LiF were determined with variable angle ellipsometry using
a Woollam VASE ellipsometer. Figure 1 shows the n (solid
lines) and k (dashed lines) as a function of k from 300 to
1500 nm for PCBM, MDMO-PPV and four of its red-shifted
variants with red shifts DE of 0.2–0.8 eV in steps of 0.2 eV.
It should be noted that red shifting the optical parameters in
equal energy parts translates into a larger shift in wave-
length and a broadening of the spectral features, resulting in
a higher photonic absorption rate. The optical properties of
the polymer:PCBM blend are composed of 20% and 80% of
the optical properties of the red-shifted MDMO-PPV polymer
and PCBM.
Using the thicknesses and optical parameters of the materi-
als in the transfer matrix formalism, the light intensity distri-
bution inside the active layer can be calculated and with it
the photon absorption rate as a function of position in the
active layer. With the electrical parameters of the blend as
described by Lenes et al.,25 we calculate the short circuit
current Jsc, the fill factor (FF), and g of the solar cells. Figure
2 shows Jsc as a function of active layer thickness L for a
band gap shift DE from 0 to 0.8 eV in steps of 0.2 eV using
an electron mobility le of 2  107 m2/V s and a hole mo-
bility lh of 2  108 m2/V s.19,20 It is immediately clear that
Jsc increases for increasing DE, due to a better overlap
between absorption spectrum and solar spectrum. Typically,
at the optimum layer thickness, Jsc increases from 44.8 to
82.7 A/m2, representing a near doubling for a band gap shift
from 2.4 to 1.6 eV. For very thin active layers (<50 nm), the
increase in Jsc due to the band gap lowering increase is
diminished due to destructive interference between incident
and reflected light near the cathode, thereby decreasing the
total light irradiance. The interference caused by the alumi-
num cathode also leads to an oscillatory behavior of the light
absorption and thus Jsc on the active layer thickness. As pho-
tons with longer k are absorbed for increasing DE, the inter-
ference patterns for those photons will have longer oscilla-
tory periods for the internal absorption rate profiles and as
FIGURE 1 Optical parameters of PCBM and MDMO-PPV and
four red-shifted variants as a function of wavelength k.
FIGURE 2 Short circuit current density Jsc as a function of
active layer thickness L for red shift DE from 0 to 0.8 eV using
lh ¼ 2  108 m2/V s and le ¼ 2  107 m2/V s.
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a result the oscillatory features of Jsc shift to higher layer
thickness, as observed in Figure 2. Quantitatively, for increas-
ing DE from 0 to 0.8 eV, the optimum layer thickness
increases from 70 to 110 nm.
As a next step, the efficiency g is calculated as a function of
the red shifting of the polymer absorption spectrum. Figure
3 shows g as a function of L for DE from 0 to 0.8 eV in steps
of 0.2 eV, using le and lh of 2  107 and 2  108 m2/V s,
respectively. With increasing DE again the optimum layer
thickness increases from 70 to 100 nm due to interference
effect. The absolute value of g increases from 2.3% to 4.1%,
respectively, which is a near doubling in g. A difference with
Jsc is that g increases to a clear maximum and then
decreases for increasing active layer thickness, indicating
extra losses for increasingly thick layers.
For MDMO-PPV (DE ¼ 0), it was reported that the lowering
of the efficiency with increasing thickness resulted from an
increased recombination as the carriers have to travel a lon-
ger distance and an increase of the built-up of space charges
because the transport is not completely balanced.25 Further-
more, with increasing active layer thickness the electric
fields are also reduced that lower the dissociation efficiency.
However, for DE ¼ 0.8 eV the decrease of efficiency for thick
devices is much stronger as compared to MDMO-PPV (DE ¼
0). Both loss processes have a negative effect on the FF of
the solar cell. The question now is whether the strong effi-
ciency decrease for low band gap cells is due to a recombi-
nation increase because of the increased carrier densities or
due to an enhanced built-up of space charges.
A way to evaluate the role of the various processes is to study
the effect of an increase of the hole mobility lh to 2  107
m2/V s, such that the transport is balanced. In this way, the
effect of space charge formation will be eliminated. Figure 4a
shows the FF as a function of L for DE from 0 to 0.8 eV in
steps of 0.2 eV and le and lh of 2  107 and 2  108 m2/V
s, respectively. As expected the FF decreases with increasing
L, but for active layers thicker than 150 nm the curves for dif-
ferent band gap lowering DE start to diverge from each other.
As a comparison, the decrease of FF with increasing L is
shown in Figure 4b in case of balanced transport. In this case,
the curves start diverging from 50 nm onward and show
signs of oscillatory features. However, for all thickness the FF
is substantially higher as compared to the unbalanced trans-
port case. For example, around the second maximum (250
nm) the FF in case of unbalanced transport is just below
40%, whereas for balanced transport it is still slightly above
50%. It should be noted that the imbalance in transport con-
sidered here is only one order of magnitude, which is typical
FIGURE 3 Efficiency g as a function of active layer thickness L
for a red shift DE from 0 to 0.8 eV using lh of 2  108 m2/V s
and le ¼ 2  107 m2/V s.
FIGURE 4 Fill factor (FF) as a function of active layer thickness L for red shift DE from 0 to 0.8 eV in steps of 0.2 eV and hole mobil-
ity lh of 2  108 m2/V s (a) and 2  107 m2/V s (b).
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for many polymer:fullerene cells. For a larger imbalance, the
FF drops even more at these thicknesses. To evaluate the
effect of charge balance, we compare in Figure 5 the efficiency
g in case of balanced and unbalanced transport.
The balancing of the charge transport in this low band gap
cell (Egap ¼ 1.6 eV) leads to a strong increase of the efficiency,
from 4.1% to 5.5%. Furthermore, due to the balanced trans-
port, the absorption increase for low bandgap cells is now
also exploited in thicker cells (250 nm). The difference
between the two interference maxima at 110 and 270 nm has
almost disappeared. This result stresses the importance of bal-
anced transport in low band gap polymer:fullerene solar cell.
It should be noted that the recently reported values exceeding
7% make use of the fullerene [70]PCBM that complements
the absorption of the low band gap polymer and therefore
broadens the total absorption spectrum of the polymer:fuller-
ene cell. With [60]PCBM, as used in our modeling, efficiencies
of around 5% have been reported, in agreement with our
results on low band gap cells with balanced charge transport.
In conclusion, the effect of band gap lowering of the polymer
absorber in polymer:fullerene bulk heterojunction solar cells
is modeled. For devices thinner than 50 nm the increase in
Jsc due to the band gap lowering is limited due to interfer-
ence effects. For 100 nm devices, a shift of 0.8 eV from 2.4
to 1.6 eV leads to an efficiency increase of only 2.3–4.1%.
Due to space charge formation, a mobility difference of only
one order of magnitude strongly limits the performance of
low band gap devices (1.6 eV) thicker than 200 nm. As a
result balancing of the charge transport is more crucial for
low band gap solar cells: The increased absorption leads to
higher carrier densities and therefore also to an enhanced
space charge built-up.
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